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A B S T R A C T
Acoustic rhythms are frequently used in gait rehabilitation, with positive instantaneous and prolonged
transfer effects on various gait characteristics. The gait modifying ability of acoustic rhythms depends on
how well gait is tied to the beat, which can be assessed with measures of relative timing of auditory-
motor coordination. We examined auditory-motor coordination in 20 healthy elderly individuals
walking to metronome beats with pacing frequencies slower than, equal to, and faster than their
preferred cadence. We found that more steps were required to adjust gait to the beat, the more the
metronome rate deviated from the preferred cadence. Furthermore, participants anticipated the beat
with their footfalls to various degrees, depending on the metronome rate; the faster the tempo, the
smaller the phase advance or phase lead. Finally, the variability in the relative timing between footfalls
and the beat was smaller for metronome rates closer to the preferred cadence, reﬂecting superior
auditory-motor coordination. These observations have three practical implications. First, instantaneous
effects of acoustic stimuli on gait characteristicsmay typically be underestimated given the considerable
number of steps required to attune gait to the beat in combination with the usual short walkways.
Second, a systematic phase lead of footfalls to the beat does not necessarily reﬂect a reduced ability to
couple gait to the metronome. Third, the efﬁcacy of acoustic rhythms to modify gait depends on
metronome rate. Gait is coupled best to the beat for metronome rates near the preferred cadence.
 2011 Elsevier B.V.
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The use of rhythmic acoustic stimuli, such as metronomes or
music, has gained popularity in gait rehabilitation of various
movement disorders, including stroke and Parkinson’s disease (see
[1–5] for reviews). Acoustic cues may enhance gait by creating a
stable coupling between footfalls and the beat. Accordingly, gait
characteristics such as symmetry and cadence can be targeted by
changing the inter-beat intervals of acoustic stimuli. The
widespread use of acoustic cues in rehabilitation practice is
backed up by a steadily growing body of literature reporting
positive effects of acoustic rhythms on gait [6–17]. Remarkably in
light of this development, the manner in which gait is adjusted to
acoustic stimuli (i.e., auditory-motor coordination) has received
limited attention, even though its understandingmay lead tomore
effective applications of acoustic cues in rehabilitation practice.* Corresponding author at: Research Institute MOVE, Faculty of Human
Movement Sciences, VU University Amsterdam, Van der Boechorststraat 9, 1081
BT Amsterdam, The Netherlands. Tel.: +31 20 5988516.
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Open access under the Elsevier OA license. To help ﬁll this void, recent studies [11,15,18–20] applied the
operational repertoire of more basic studies of rhythmic auditory-
motor coordination to acoustically paced walking and quantiﬁed
auditory-motor coordination in terms of the mean and variability
of relative timing between footfalls and the beat. Regarding the
ﬁrst measure, it is well known from studies on rhythmic tapping
that during rhythmic auditory-motor coordination the motor
events typically do not coincide with the acoustic stimuli, but are
slightly advanced in time [21,22] (i.e., resulting in a non-zeromean
relative timing). This is also the case for acoustically pacedwalking
[11,15,18–20]. The second measure is typically used as an index of
the stability of auditory-motor coordination [23], with lower
variability reﬂecting more stable coordination [24]. Roerdink et al.
[19] examined the stability of auditory-motor coordination of
acoustically paced walking in stroke patients and healthy controls
for single (pacing one step per stride) and double (pacing both
steps per stride) metronomes. For both groups, auditory-motor
coordination was found to be more stable for double-metronome
than for single-metronome conditions, with stroke patients
exhibiting an overall more variable relative timing between
footfalls and beats. These ﬁndings indicate that gait may be
modulated more effectively when both footfalls are paced. This
insight is supported further by the fact that rhythm perturbations
in a double metronome were more effective in eliciting the
1 Upcoming instants of foot contact were predicted online by adding the moving
average of previous ipsilateral inter-stride intervals to the time instant of the
preceding ipsilateral foot contact. The mean difference between the thus calculated
onsets of the ﬁrst metronome beep and the corresponding time of foot contact was
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than rhythm perturbations in a single metronome [19]. Such
experimental results illustrate that the use of acoustic rhythms in
rehabilitation practice may be optimized through quantitative
assessment of the quality of auditory-motor coordination.
Whereas in gait training practice metronomes are often used to
modulate cadence, the effect of metronome rate on auditory-
motor coordination in acoustically paced walking is still unknown.
In the present study we therefore examined auditory-motor
coordination in a group of healthy elderly walking to the beat of
metronomes with pacing frequencies slower than, equal to, and
faster than their preferred cadence. The overall aimwas to identify
the metronome settings that result in optimal coupling between
gait and the presented beat. After all, metronome-based modula-
tion of gait characteristics (e.g., ﬂuency, symmetry, and adaptabil-
ity) likely is most effective under conditions that secure optimal
auditory-motor coordination.
We expected that gait is tied more strongly to the beat for
pacing frequencies near one’s preferred cadence, which would be
reﬂected by a lower variability of relative timing between footfalls
and the beat. In addition, if the coupling between gait and the beat
is stronger, the footfalls are synchronized to the beat more rapidly.
Therefore, we expected a progressively larger number of steps to
be required to reach synchronization themore themetronome rate
deviated from the preferred cadence. Assessment of the swiftness
with which synchronization is established is also of practical
importance, because commonly employed procedures to examine
instantaneous effects of acoustic rhythms on gait typically involve
just a few steps on short laboratory walkways [8,10,12–14]. If
these walkways are too short to achieve stable synchronization,
the validity of the results may be questioned. Finally, in line with
auditory-motor coordination results obtained for both tapping and
acoustically paced walking [11,15,18–22], we expected footfalls to
lead the beat. Consistent with theoretical and empirical insights
into coupled oscillators [23,25], we predicted that the magnitude
of this phase lead varies with metronome rate. In general, if an
oscillator with an inherently faster frequency is coupled to an
oscillatorwith an inherently slower frequency, the formerwill lead
in time [25]. Thus, compared to the expected phase lead for
acoustically paced walking at the preferred cadence, a larger
(smaller) phase lead was predicted for metronome rates slower
(faster) than the preferred cadence.
2. Methods
2.1. Participants
After giving their written informed consent, 20 healthy elderly adults (10
women, age (mean  SD): 63.2  3.6 years, height: 1.73  0.06 m, weight:
73.8  12.3 kg) participated in the study, which was approved by the local ethics
committee.
2.2. Apparatus
Participants walked on a treadmill in which a single large force platform was
embedded (ForceLink, Culemborg, The Netherlands), allowing for accurate online
detection of gait events and gait characteristics, such as foot contact and cadence,
respectively [26]. Computer-produced rhythmic acoustic stimuli were adminis-
tered through earphones, using a different pitch to pace left (440 Hz) and right
(1000 Hz) heel strikes.
2.3. Procedure
Participants were ﬁrst acquainted with treadmill walking for at least 10 min,
during which the belt speed was gradually increased and the participants were
introduced to walking in time with acoustic stimuli. At the end of this
familiarization period the individual comfortable treadmill walking velocity was
determined (4.5  0.3 km/h).
In the experiment proper, participants walked without handrail support at their
comfortable treadmill walking velocity for about 7 min. Prior to the ﬁrst
experimental trial, the preferred cadence was determined online during 15 s ofunpaced walking (114.0  5.4 steps/min). Subsequently, 7 trials of 72 acoustically
paced steps were presented, each involving a different pacing frequency: 77.5%, 85%,
92.5%, 100%, 107.5%, 115%, or 122.5% of the individually determined preferred cadence.
Participants were instructed to synchronize left and right footfalls with low and high
pacing stimuli, respectively. Stimulus presentation was timed such that the ﬁrst
metronome beep always coincided with left or right foot contact.1 For each trial, time
indices of beep onsets and time indices of foot contact were registered; the latter were
determined online [26]. The 7 experimental trials were presented in random order.
Between trials participants continued walking without acoustic stimuli for about 15 s.
2.4. Analysis
First, we assessed the time course of frequency synchronization to the 7 pacing
frequencies. Step frequency (cadence,v) was compared to the pacing frequency on
a step-to-step basis for the ﬁrst 36 out of 72 metronome beeps (i.e., for S1 to S36).
Speciﬁcally, v(i) (steps/min) follows from the inter-step interval (ISI in s) according
to 60/ISI(i), with ISI(i) = t(FCj+1)  t(FCj), where t(FCj=1) represents the time t of foot
contact FC corresponding to the onset of the ﬁrst metronome beep. Note that v(i=1)
was expected to be close to vpref (i.e., preferred cadence) because the pacing
frequency was speciﬁed from the second beep onwards and participants were
expected to walk at (or close to) vpref between trials. The swiftness of frequency
synchronizationwas quantiﬁed using a runningwindow analysis for the ﬁrst 35 ISIs
for each trial. The moment at which synchronization was achieved was deﬁned as
the ﬁrst window of 3 ISIs for which the cumulative difference between the ISIs and
the prescribed inter-beep interval fell within 20 ms. The corresponding window
numberWn served as the dependent variable for the swiftness of synchronization (note
that W1 contains ISI1 to ISI3, deﬁned over paced steps j = 1–4, W2 contains ISI2 to ISI4,
deﬁned over paced steps j = 2–5, and so on). The effect of pacing frequency onWn was
assessed using the Friedman non-parametric test for comparison of several related
samples.
Stationary auditory-motor coordination was examined in terms of mean relative
timing and its variability. The relative timing f (in8) between metronome onsets
and footfalls was calculated for each step using f = 3608(t(B)  t(FC))/T, with t(B)
denoting the time instant of beep onsets, t(FC) denoting the time instant of the
corresponding foot contact, and T denoting the time interval between consecutive
ipsilateral beep onsets. Circular statistics [27] were applied to calculate f¯ and its
variability sf (both in8). The window of 36 steps for which sf was minimal was
selected for further analysis. For this window, the mean relative timing between
footfalls and acoustic stimuli (f¯) was quantiﬁed. Positive values indicated that, on
average, footfalls were leading beep onsets in time, while f¯ ¼ 0 indicated
concurrent footfalls and beeps. Furthermore, mean cadence (v¯ in steps/min) was
determined for the 36 steps of the identiﬁed window to assess compliance to task
instructions. The effect of pacing frequency on v¯, f¯, and sf was assessed using a
repeated measures analysis of variance (ANOVA) with the factor pacing frequency
(7 levels: 77.5%, 85%,. . ., 122.5%), followed by post hoc polynomial contrast analyses
if the effect was signiﬁcant (p < 0.05).
3. Results
3.1. Swiftness of synchronization
The time evolution of the adjustment of v to the 7 pacing
frequencies for all participants is depicted in Fig. 1. For this purpose
v was normalized to vpref, yielding v* = 100%v/vpref. As
anticipated, v* at S1 was about 100%, independent of the pacing
frequency, indicating that participants had reverted to vpref
between trials. For pacing frequencies slower (faster) than
preferred, the second footfall thus appeared earlier (later) than
prescribed. As can be appreciated from Fig. 1, cadence was
modulated from S2 onwards to match the pacing frequency. In
94.3% of the trials (132 of 140), frequency synchronization was
achieved well within the ﬁrst 36 beeps. However, six participants
were not able to adequately perform the slowest pacing condition
(77.5%: 5 participants) and/or the fastest two pacing conditions
(115%: 2 participants; 122.5%: 1 participant), taking, respectively,
more and less steps than prescribed (Fig. 1). The data of these
participants were excluded from all further analyses.
The remaining 14 participants, who established frequency
synchronization within the ﬁrst 36 paced steps of all trials, on2  13 ms.
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Fig. 1.Mean (thick black line) and individual (gray lines) time evolutions of normalized cadencev* for the seven pacing frequency conditions. The eight trials not fulﬁlling the
frequency synchronization criterion are highlighted using darker gray lines. The lower right panel depicts per condition themean swiftness of the synchronization of cadence
to the pacing frequency.
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W6.50.4. Metronome rate signiﬁcantly affected the swiftness of
synchronization (x2ð6Þ ¼ 31:2, p < 0.001), with lower ranks for
pacing frequencies closer to vpref (i.e., 77.5%: 6.21, 85%: 4.25,
92.5%: 3.21, 100%: 2.25, 107.5%: 3.14, 115%: 4.18, 122.5%: 4.75),
indicating that near vpref fewer steps were required to reach
synchronization. Wn is depicted for each pacing condition in the
lower right panel of Fig. 1.
3.2. Stationary auditory-motor coordination: the coupling of footfalls
to beep onsets
In accord with the task instructions, a signiﬁcant effect of
pacing frequency on v¯ was observed (F(6,78) = 4033.1, p < 0.001),
resulting in a signiﬁcant linear contrast (F(1,13) = 6032.0, p < 0.001;
Fig. 2A). Footfalls were consistently timed ahead of themetronome0
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Fig. 2. Effect of pacing frequency on stationary auditory-motor coordination, expressed in
variability of the relative timing (C).beeps: f¯ was on average 21.9  2.08. As expected, f¯ was affected
signiﬁcantly by metronome rate (F(6,78) = 25.3, p < 0.001). Post hoc
analyses showed a signiﬁcant linear contrast (F(1,13) = 65.1,
p < 0.001), reﬂecting smaller phase leads with increasing pacing
frequencies (Fig. 2B). Also forsf a signiﬁcant effect ofmetronome rate
was observed (F(6,78) = 6.1, p < 0.001), now resulting in a signiﬁcant
quadratic contrast (F(1,13) = 38.8, p < 0.001), showing that sf was
smaller for pacing frequencies near the preferred cadence (Fig. 2C).
4. Discussion
The results clearly supported all our expectations. The observed
characteristics of auditory-motor coordination in acoustically
paced walking have several practical implications, which we
discuss here in sequence.φ (°)
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establish frequency synchronization between footfalls and the
beat, and the required number of steps varied with metronome
rate. If the pacing frequency corresponded to an individual’s
preferred cadence, about four steps were required to attune the
steps to the metronome beeps (as in tapping [22,28]), whereas for
faster and slower pacing frequencies even more steps were
required to establish synchronization (see Fig. 1, lower right
panel). This transient period has repercussions for (1) the
quantiﬁcation of auditory-motor coordination in terms of f¯ and
sf,
2 and more importantly, (2) the evaluation of instantaneous
effects of acoustic pacing on gait. Note that these instantaneous
effects are typically assessed on a short (5–10 m) walkway
[8,10,12–14], by comparing gait characteristics between paced
and unpaced conditions. Our results suggest that the ﬁrst couple of
steps are required to establish synchronization. Consequently, the
generally observed positive effects of acoustic pacing on gait may
in fact be underestimated because this transient period is typically
included in the analysis. Moreover, this underestimation is likely to
be larger for pacing frequencies deviating from the preferred
cadence, given the increasing number of steps that is required to
attain frequency synchronization (Fig. 1, lower right panel). Thus,
transient periods must be taken into account when evaluating the
instantaneous effect of acoustic pacing on gait characteristics.
Once frequency synchronization has been achieved, we
examined auditory-motor coordination in terms of f¯ and sf. As
expected, footfalls preceded beep onsets (i.e., f¯>0). In line with
the dynamics of coupled oscillators [23,25], a larger (smaller)
phase lead was observed for metronome rates slower (faster) than
the preferred cadence (Fig. 2B). Whereas f¯ is sometimes regarded
as a measure of the quality of auditory-motor coordination [29,30]
– ‘‘the smaller the asynchrony, the better gait is tied to acoustic
stimuli’’ – we dismiss this interpretation as invalid, because our
participants naturally anticipated the beat with their footfalls. This
can be readily appreciated from our ‘100% condition’. In this
condition, the ﬁrst beep of the acoustic rhythm was initially
administered in synchrony with footfall S1 (f = 08; see also
Footnote 1). Nevertheless, all participants quickly adjusted their
steps towards positive f-values (Fig. 2B), which required a
temporary increase in cadence (v* > 100% in Fig. 1). This
observation is consistent with the archetypical anticipation
tendency in rhythmic auditory-motor synchronization [15,18–
23,28] and invalidates the interpretation that f¯ ¼ 0 reﬂects the
ideal coordination between gait and stimuli. In fact, Pelton et al.
[18] recently concluded that the presence of an anticipation
tendency in acoustically paced walking after stroke suggests that
predictive capabilities associated with the cerebellum were
relatively intact in this patient group. Strikingly, popular thera-
peutic assessment and treatment tools, such as the Interactive
MetronomeTM and the IM Gait MateTM, provide online feedback
favoring f = 08 and are thereby working against this natural
anticipation tendency.
Our ﬁndings thus indicate that the use of f¯ as an index of the
ability to couple motor events to acoustic rhythms must be
avoided in practice. In fact, this ability is better captured by sf,
with lower variability reﬂecting more stable auditory-motor
coordination [19,20,23,24]. We found superior auditory-motor
coordination for pacing frequencies near the preferred cadence, as
evidenced by the quadratic contrast for sf (Fig. 2C; see also the2 It is important to appreciate that, by deﬁnition, f¯ and sf are obtained through
standard averaging. Hence, they are only meaningful measures of auditory-motor
coordination for stationary regimes, that is, when statistical properties of f time
series (i.e., mean, variance, and autocorrelation) do not change over time. The
present results showed that for all metronome rates stationarity only occurred after
a certain number of steps. This transient period should be excluded from the
analysis, as was done in the current study.compatible pattern of results for the swiftness of synchronization
in Fig. 1), suggesting that the efﬁcacy of acoustic rhythms to
inﬂuence gait degrades with pacing frequencies farther away from
one’s preferred cadence. Thus, acoustically paced gait training
aimed at improving gait symmetry, gait ﬂuency, and gait
adaptability (the latter by means of rhythm perturbations [18–
20]) probably fares best if the metronome rate is set near one’s
preferred cadence. If the therapy aims are such that another pacing
frequency is required, it goes at the expense of reduced auditory-
motor coordination.
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